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Abstract 
Intensive  monitoring  for 
CryptosporidiulIl in source waters has been 
ongoing  in  Sydney  since  the  Sydney 
Water  Crisis  in  August  1998.  Three 
separate  C,yptosporidhllll  contamination 
'events' have been detected in the water 
supply  catchments  since  the  Crisis. 
Duplicate  water  samples  from  these 
events were analysed for Cryptosporiditllll 
by  immuno-fluorescence  assay  (IFA), 
polymerase  chain reaction  (PCR)  and 
malachite  green.  The PCR technique 
confirmed the presence of Oyptosporidhllll 
parvlIlIl in more than 70% of  the samples 
that tested positive by IFA. 
C. paMl11l type II or 'cattle' genotype 
was  the  only  Cryptosporidilllll  strain 
identified by PCR. 
This  study  demonstrated  that 
combining the quantification afforded by 
the IFA method and the genetic speci-
ficity  from  PCR  analysis  assists  in 
understanding both the public health risk 
and  the  source  of Cryptosporidilll1l  in 
drinking water supplies. 
An apparent lack of  sensitivity in the 
PCR analysis compared to IF  A may be 
related  to  storage  time  before  PCR 
analysis and warrants further attention. 
Keywords:  Cryptosporidilllll,  cattle 
genotype, water supply catchments 
Introduction 
High levels of Oyptosporidhllli oocysts 
and Giardia cysts (00/  cysts) were detected 
in the filtered and raw water supply of 
the city of  Sydney Australia, between  July 
and  August  1998.  During this  period 
three  city-wide  'boil  water'  notices 
were  issued,  affecting  more  than  2 
million consumers. 
One  consequence  of this  contami-
nation  was  an  extensive  surveillance 
monitoring program of the  city's  raw 
water  sources  for  Oyptosporidillll1  and 
Giardia.  The results from this program 
have provided a detailed description of 
the  dynamics  of  Cryptosporiditllll  arid 
Giardia  00/  cysts  in  natural  waters 
(Hawkins et  al 2000). 
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The  environmental  stage  of 
O}'ptosporidiul/1 can be widespread, as the 
oocysts can persist for weeks to months 
and  are  spread  in  animal  faeces.  The 
progressive  improvement in  detection 
methods for this protozoan in water has 
contributed  to  a  realisation  of  its 
ubiquitous occurrence, even in pristine 
watersheds (Mager, Standridge, Kluender, 
and Peterson, 1998). 
The occurrence of Cryptosporidillll/ in 
drinking  water  supplies  is  a  public 
health  concern  because  of  the  low 
infective dose and the resistance of the 
oocyst to chlorine disinfection (DuPont 
et  ai,  1995).  The viability and human 
infectivity of O}lptosporidilllll oocysts are 
important indicators of  the public health 
risk. 
There  are  currently  up  to  9  valid 
named species of Cryptosporidilllll.  These 
include  C.  parvlIlIl  identified  from 
humans and many mammals,  C.  lJIufis 
from  rodents;  C.  andersoni  from 
ruminants,  C. felis  from cats,  C.  wrairi 
from guinea pigs,  C.  II/eleagridis  and C. 
baileyi  from birds,  C.  5elpelltis  and  C. 
sallfopilililll from reptiles, and C.  IlaSOrtllll 
from fish  (O'Donoghu~, 1995, Fayer et 
al.  1997, Lindsay et  ai,  2000). There is 
now  strong  evidence  that  the  most 
widely studied species; C. parvlIlII, is not 
a  uniform  species  but  consists  of 
numerous distinct genotypes (cf Morgan 
et al.  1999, Xiao et al.  1999). To date, 7 
distinct genotypes have been identified 
within what is currently recognised as  C. 
pan/lIlJ1.  Only two of  these appear to be 
readily infectious to immuno-competent 
humans:  the 'human'  genotype, found 
only in humans and the 'cattle' genotype 
which is found in livestock (cattle, sheep 
and goats)  and also humans. Five other 
apparently  host-specific  C.  parVlIlI1 
genotypes have been identified, namely 
'pig', 'nlarsupial',  'mouse', 'ferret', and 
more  recently  'dog'  genotypes  (cf 
Morgan et  al.  1999, Xiao  et  al.  1999). 
While  these  genotypes  have not been 
identified  in  immuno-competent 
humans, recent evidence has shown that 
immuno-compromised  individuals  are 
susceptible  to  a  wide  range  of 
Cryptosporidilllll  genotypes  and  species 
(Pieniazek  et  al.  1999;  Morgan  et  al. 
2000). 
Genotyping can be useful in identi-
fying  the  source  of  Cryptosporidilllli 
oocysts in the raw water and in assessing 
the public health risk, if  oocysts penetrate 
treatment barriers and enter the reticu-
lated supply. This paper describes results 
of genotype analyses  conducted during 
Public Health surveillance of  the source 
waters between December 1998 and June 
1999, by Sydney Water Corporation. 
Sample locations and methods 
The locations of  monitoring sites used 
in the public health surveillance program 
are illustrated in Figure 1.  The samples 
were from catchment streams  (2)  lakes 
(10)  and  the  bulk  supply  (3)  which 
provide  raw  water  for  the  Sydney 
supply. 
The samples  were  collected during 
three contamination 'events' that were 
associated with inflows to the reservoirs 
between  December  1998  and  April 
1999  (Hawkins  et  al  2000).  These 
inflows were relatively small in scale. The 
maximum flow was  10 percent of the 
inflows  prior  to  the  Sydney 
Cryptosporiditl111  Incident  in  1998 
(McClellan P, 1998). 
The Cryptospofidit/II/  enumeration by 
IFA was performed at the A WT labora-
tories at West Ryde, NSW. The methods 
used to collect and analyse the water are 
described by Hawkins et al (2000). Briefly 
a  measured volume  (usually  20L)  was 
filtered  by  the  flat  bed  method. 
Immunomagnetic separation (Ausflow) 
and flow cytometlY procedures were used 
to  sort  and  concentrate  oocysts  from 
other  detritus  in  the  water.  The 
Cryptosporiditllli  oocysts  were  labelled 
using specific  antibodies conjugated to 
fluorescein  isothiocyanate  (FITC)  for 
inmmnofluorescent assay (IFA)  (Panbio™ 
mouse  antibodies).  A  confirmatory 
staining  procedure  used  DAPI  (4'6-
diamidino-phenylindole)  (Campbell, 
Robertson,  and Smith,  1992)  and the 100 
entire pellet was  enumerated 
microscopically. 
Sample preparation 
All  water  samples  were 
analysed  by  IFA  within  3-4 
days of  €Ollection. The dupli-
cates  were  held  in  20L 
polyethylene  drums  at  4°C 
before  submission  for  PCR. 
Those water samples in which 
Cr}'Ptosporidhllll  was  detected 
by IF  A were concentrated by 
flat bed filtration, spun down 
and the pellet was resuspended 
in 50mL of  PBS. These pellets 
provided  the  basis  for  the 
PCR test  of Cryptosporidilll1l 
DNA (Table 1). The samples 
collected in December 1998 
were held for 50 days before 
submission. All other samples 
were held for 7-28 days. 
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Ten  pellets  represented 
single sites. In April, composite 
pellets (5)  were also prepared 
to  increase  the  scope  of the 
genotype survey. Composites 
were prepared by combining 
pellets  of  water  samples 
collected at adjacent sites  on 
one day or fi'om a single site 
during an event. The original 
Figure 1. The Warragamba and  Nepean water supply 
catchments with Stream, Lake and  Bulk Supply sample 
sites marked. 
pellets were resuspended in 50mL PBS. 
Equivalent  aliquot  volumes  were 
combined to nuke a composite 50 mL 
volume. Thus the composite sample from 
sites  within  the  Coxs  Arm  in  Lake 
Burragorang between 18-21 April 1999, 
(sample  number  12,  Table  1)  was 
prepared  fi'om  seven  separate  samples 
collected at sites within the Coxs Arm 
during that period. 
The IF  A  analysis reported oocysts as 
FITC and DAPI stained. The number of 
DAPI stained  oocysts  was  used  as  the 
estimate of oocysts in the PCR test for 
Cryptosporidhllil  DNA.  The  recovery 
efficiency of the IMS extraction used in 
both the  IFA  and PCR methods  was 
assUlTled  to  be  similar  (30-60%).  Each 
sample pair was assumed to have identical 
DAPI  stained  oocyst  content  and  the 
oocysts  were assumed to split propor-
tionally between aliquots. 
Malachite green microscopy 
The  material  for  PCR  was  first 
screened  for  oocysts  using  a  negative 
Malachite Green (MG) staining technique 
(Elliot et al.  1999). Briefly, water concen-
trates were spun at 800 x g for 5 min and 
the supernatant removed. A drop of  5% 
malachite  green in  distilled water was 
then placed on a slide  and mixed with 
one  drop  of the  water  concentrates 
collected from the surface of the pellet 
(about 25%  of the pellet).  Slides  were 
examined  for  Cryptosporidilll1l  oocysts 
under 40 x  and 100 x  objectives. After 
microscopic inspection, the pellet material 
was recovered and included in the PCR 
analysis. 
peR methods for Genotyping 
The PCR analyses were made at the 
Division of Veterinary and Biomedical 
Sciences, Murdoch University, Western 
Australia. Water samples were screened 
for Cryptosporidilll11 DNA at 4 loci; (1)  18S 
rDNA (Morgan et  al.  1997),  (2)  Acetyl 
CoA  synthetase  genes  (Morgan  ef  al. 
1998a);  (3)  an  unidentified  genomic 
fragment  (Morgan et  al.  1997)  and;  (4) 
the heat-shock gene (HSP-70)  (Xiao et 
al.  unpublished).  The PCR technique 
complements the quantification of IFA 
by amplifying specific genetic sequences 
of  the  O}lptosporidilll11  DNA  if it  is 
present. These sequences can characterise 
Cr}'Pfosporidilll11 by species and by strain. 
Samples  were  purified  for  DNA 
analysis  using  immunomagnetic 
separation  (Dynabeads).  DNA  was 
extracted fi'om  purified pellets  using a 
glassmilk procedure, eluted in 20  1-11  of 
elution buffer. 2 1-11 was used in each PCR 
procedure  (Morgan  et  al. 
1997). Positive and negative 
controls  were  included for 
each  test.  PCR  inhibition 
was  checked  by  amplifi-
cation of  a duplicate sample 
spiked with Crypfosporidilll11 
DNA.  Nested PCR assays 
were used at  all  loci,  with 
high  numbers  of  amplifi-
cation  cycles  to  increase 
sensitivity. 
Results and Discussion 
Spatial Distribution of 
Cryptosporidium 
Genotypes 
The  of  survey 
Crypfosporidiu11l  genotypes in 
the catchment was restricted 
to  water  samples  collected 
from  streams  and  lakes  in 
Sydney's main water supply 
catchments, during a period 
of  relatively low hydrologic 
flows.  Only  the  'cattle'  or 
type II C.  parvu1I1  genotype 
was detected. This genotype 
was  found  during  each 
contamination event and in 
both the main water catch-
ments (Table 1). 
Oypfosporidilll11 in humans 
appears to be predominantly transmitted 
through person to person contact, which 
is  why the  'human'  genotype  is  most 
common in people. The 'cattle' genotype 
is  commonly found in ruminant animals 
and has been identified from cattle, sheep 
and goats world-wide. 
Human volunteer infectivity studies 
using the cattle genotype indicate it is 
equally infectious to humans (DuPont et 
al.  1995). Further evidence of  the infec-
tivity of the cattle genotype to humans 
comes  from  a  study  of human  faecal 
samples fi-om the Perth Metropolitan area. 
In  that  survey,  36/511  samples  were 
positive for Cryptosporidhtl11.  Of  these, 30 
were  'human'  genotype  and  the 
remaining 6 (approx. 17%) were 'cattle' 
genotype (Morgan et al.  1998b). 
There  are  nine  licensed  Sewage 
Treatment Plants  in  the  water  supply 
catchments that supply Sydney. During 
the study period there was no evidence 
that the  'human'  (type  I)  genotype of 
Oyptosporidilll11  likely  to  be  sourced 
from these plants was present in river or 
lake water. Low concentrations of  other 
genotypes  may  have  been  masked  by 
Type II in samples  with a high oocyst 
content.  However,  111L'Ced  genotypes 
usually  result  in  mixed  sequencing 
chromatograms, which are easily recog-
WATER JANUARY 2001  39 Table 1. Comparison of results from different methods for detecting Cryptosporidium. Samples were water concentrates 
collected during three separate Cryptosporidium 'events' in  Sydney's water supply catchments. 
Event Sample  Sample  Date  elapsed  Sample  Oocysts  Oocysts  Genotype  Oocysts by 
No  Site  time (d)  pool size  by FITC  by DAPI  by PCR  Malachite Green 
A  1-5  December-98 
1  Lake Burragorang Dam Wall  15-Dec-98  49  1  74  40  np  absent 
2  Lake Burragorang Dam Wall  15-Dec-98  49  1  53  42  cattle  present 
3  Lake Burragorang Dam Wall  16-Dec-98  48  1  64  19  np  absent 
4  Lake Burragorang Dam Wall  16-Dec-98  48  1  55  43  cattle  absent 
5  Lake Burragorang Dam Wall  16-Dec-98  48  1  67  49  np  absent 
B  6-7  February-99 
6  Lake Burragorang Dam Wall  15-Feb-99  9  1  1032  464  cattle  absent 
7  Lake  Burragorang Dam Wall  17-Feb-99  7  1  104  104  cattle  absent 
C  8-15  April-99 
8  Blue Mts  13-Apr-99  31  3  161  23  cattle  absent 
9#  Coxs  River  15-Apr-99  29  1  162  3#  cattle  absent 
10**  Prospect WFP  17-Apr-99  27  1  17  8  np  absent 
11  Upper Canal (Nepean catchment)  18-20 Apr 99  26  2  >9  >3  cattle  present 
12  Lake  Burragorang  Coxs Arm  18-21 Apr 99  26  7  207  63  cattle  present 
13  Lake Burragorang mid Lake  19-20 Apr 99  25  2  90  25  cattle  present 
14  Lake Burragorang Dam Wall  17-23 Apr  27  8  101  31  cattle  absent 
15  Werrlberrl Ck Inflow  25-Apr-99  19  1  120  54  cattle  absent 
c**  Prospect WFP  Is a mixture of Warragamba pipeline and  Upper Canal water 
"#  probably more than 3 DAP!  oocysts present, as the low ratio of DAPI  :FITC in sample 9 was Inconsistent with the ratio in samples 
12 and 13 " predicted to derive from the same source 
np  no  PCR  product 
elapsed time is the time between sample collection and the PCR  and Malachite green analysis 
nised. In addition, one of  the primer sets 
was specifically designed to detect mixed 
infections. 
The infectivity of  the C. parvllll1 cattle 
genotype to humans and the occurrence 
of this genotype in Sydney's catchment 
water-ways,  emphasises  the  potential 
public health risk from zoonotic reser-
voirs  of the cattle genotype to potable 
water supplies. 
Future  surveys  to  determine  the 
prevalence and the distribution of  other 
Cryptosporidhtl1l  genotypes  in  Sydney's 
catchments should target representative 
sources of  faecal contamination to water 
ways throughout the catchment and focus 
sampling effort in rivers and lakes during 
and after high volume flow events. 
Comparative sensitivity of IFA and 
PCR 
Flow cytometry (IFA) detected FITC 
and DAPI stained Cryptosporidilllll oocysts 
in 15/15 samples (Table 1). IFA was the 
most sensitive method and quantified the 
oocyst content of  each sample. PCR was 
slightly  less  sensitive.  This  method 
detected  C.  parvul11  in  11/15  samples. 
PCR was non quantitative but provided 
information on the genetic specificity of 
the oocysts. The malachite green method 
was least sensitive. Oocysts were observed 
in 4/15 samples. 
The  contamination  event  in  mid 
December 1998 was represented by five 
samples  (Table  1:  Event A numbers 1-
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5),  collected over a two day period near 
the  Dam  Wall  in  Lake  Burragorang. 
These  samples  all  had  similar  oocyst 
content  by  IF A.  The  mean  oocyst 
content was  63(9  FITC; 39(11  DAPI. 
Cryptosporidiltlll  was  detected in two of 
these  five  samples  by  PCR  (sample 
numbers 2 and 4). 
The Malachite Green method detected 
oocysts in only four samples  (Numbers 
2  and 11-13 in Table 1).  In  each case 
these  oocysts  were  confirmed  as  C. 
parvltl11 by PCR. The lower sensitivity of 
malachite green is  tiue to lack of  ampli-
fication  (cf.  peR)  or  complete 
enumeration of the sample (if.  IFA). 
The  IFA  'best  estimate'  of oocyst 
abundance in sample 11  was  :2:.3.  Only 
one of the two samples used to prepare 
this  composite  was  analysed  by  IFA. 
Therefore  the  total  number  of 
CryptosporidiulIl oocysts present in sample 
11  was probably underestimated. 
The sensitivity of the PCR analysis 
appeared to be affected by storage time. 
The detection level was  lowest in the 
samples from Event A that were stored 
for 50 days  between collection of these 
samples and submission for PCR. In three 
of these  five  samples,  PCR  did  not 
amplifY Cryptosporidiltlll DNA, although 
up  to  49  DAPI  stained  oocysts  were 
detected by the IFA analysis. 
The samples  collected during events 
Band C were held for shorter intervals 
before PCR analysis than event A and the 
sensitivity  of  the  PCR  appeared  to 
improve. The PCR amplification failed 
in only one of ten samples from events 
Band C. That sample (10)  had 8 DAPI 
stained oocysts. The two samples with the 
lowest Cryptosporidiltl1l content (Samples 
9  and 11,  3  DAPI  oocysts)  may have 
underestimated the actual oocyst content. 
The lower sensitivity ofPCR analysis 
compared  to  IF  A  could  have  been 
caused by two other effects: 
•  Samples which were known to contain 
Cryptosporidiltlll  by  IFA/DAPI  were 
analysed by PCR. If all  water samples 
were tested by both methods, one might 
find some which were positive by PCR 
but negative by IFA.. As the analyses were 
made  on  duplicate  samples,  uneven 
distribution of  oocysts between duplicates 
could significantly effect the sensitivity of 
PCR at low oocyst concentrations. 
•  Subsampling of the DNA extract  to 
permit  analysis  at  several  loci  and  to 
provide an inhibition blank, may reduce 
the sensitivity ofPCR. 
The  discrepancy  between  the 
detection limit ofIFA and PCR in this 
study appeared to be linked to prolonged 
storage. This warrants further attention. 
These  results  do  show  that  the 
quantification afforded by IF  A combined 
with the genetic specificity from PCR 
can provide an indication of the source 
of  the contamination and the magnitude lao 
--------------·------------------ __  • __________  " __  M~_  _ ______________  " 
of  the  public  health  risk  from 
O}ptosporidilll11 in drinking water supplies. 
Future efforts to improve detection of 
Cr)ptosporidilll11 in the environment could 
optimise the IF  A  method by including 
PCR as  a  final  step  immediately after 
enumeration of the IFA objects. 
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